Two monogalactosyl diacylglycerols 1 and 2 were isolated from the marine diatom, Phaeodactylum tricornutum, using the patented ApoScreen cell-based screen for apoptosis-inducing, potential anticancer compounds. The molecular structures of the galactolipids were determined using a combination of NMR, mass spectrometry and chemical degradation. The bioactivities were confirmed using a specific apoptosis induction assay based on genetically engineered mammalian cell lines with differential, defined capacities for apoptosis. The galactolipids induce apoptosis in micromolar concentrations. This is the first report of apoptosis induction by galactolipids. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   3 The oceans are the largest ecosystem of the Earth and hold great, unexplored potential for drug discovery. One of the most important photosynthetic eukaryotes in marine ecosystems are the diatoms; 1 single celled algae surrounded by a silica-derived wall. There are estimated to be ~ 10 6 species of diatoms 2,3 , which makes them ~ 4 fold more diverse than angiosperms. These organisms rose to ecological prominence over the past 40 million years, and in part, their success has been attributed not only to efficient resource acquisition strategies, but also to allelochemical production that may favor their selection over competitors. Hence, we examined whether this group of organisms produces novel compound capable of inducing apoptosis.
developing agents that specifically target or activate a caspase cascade that leads to apoptosis. 10 In our ongoing effort to discover and develop new marine natural product biomedicinals, we have screened extracts from several marine organisms and have found that those isolated from a cultured marine diatom, Phaeodactylum tricornutum, possessed an ability to specifically induce apoptosis in immortal mammalian epithelial cells. Subsequently, extracts were subjected to ApoScreen bioassay-guided purification that resulted in the isolation of two monogalactosyl diacylglycerols (1) and (2), which we demonstrate are capable of inducing apoptosis in the same cell lines. To our knowledge, this is the first report of apoptosis induction by galactolipids. 
Results and Discussion
The marine diatom, Phaeodactylum tricornutum, was cultured in a F/2 medium at 18°C under constant light (100 µmolm -2 s -1 ). Forty grams wet weight of the organism were extracted in methanol. One part of the methanol soluble extract was dissolved in DMSO, and was tested for apoptosis induction as assessed by the ApoScreen protocol.
11, 12 This cell-based assay is specific for the isolation and identification of apoptosis-inducing compounds. Two genetically-matched immortal mouse epithelial cell lines are used: wild-type W2 with apoptosis function intact, and D3 with apoptosis function disabled through specific genetic deletion of both bax and bak (D3) (United States Patent #US 6,890,716). D3 cells are completely and irreversibly defective for apoptosis, and yet all apoptosis regulatory mechanisms upstream of Bax and Bak (Bcl-2, Bim, etc.) remain intact. 13 Importantly, the vast majority of human cancers with defects in apoptosis have the pathway disabled upstream of Bax and Bak. Thus, screening to identify compounds that have the capacity to kill W2 but not D3 cells should identify those that possess proapoptotic, and potentially anticancer, activity.
Moreover, materials that indiscriminately kill both apoptosis-competent W2 and apoptosis-defective D3 cells can be used to eliminate those compounds that are nonspecifically toxic.
11
The extract that induced apoptosis was subsequently purified by analytical RPHPLC.
Using this strategy, two pure compounds with proapoptotic activity were isolated.
Chemical structures of these two compounds (1 and 2) were ascertained by standard spectroscopic techniques, as described below.
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new compound that induces apoptosis in mammalian cell lines. Compound 1 is closely related to previously reported glycerolipids from marine diatoms Chaetoceros, 22 Thalassiosira rotula 23 and Skeletonema costatum.
24
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11
.
Monogalactosyldiacylglycerols are chloroplast membrane lipids in higher plants and algae. The increased attention to this class of natural products derives from the specific roles played by these compounds in the light-initiated reactions of photosynthesis and the considerable interest in their bioactivities which include anti-viral properties, 27 antimitotic activity, 28 tumor suppressor, 29 anti-stress 30 and anti-inflammatory activity. 19 This is the first report that monogalactosyldiacylglycerols induce apoptosis at micromolar concentration. The mechanism of action of these compounds has yet to be elucidated.
Chloroplast-derived glycolipids and membrane-bound phospholipids have been shown to be the main substrates for the biosynthetic pathway that produces antiproliferative polyunsaturated aldehydes 23, 31 in wounded and nutrient starved cells of marine diatoms. [32] [33] [34] It is also known that fatty acid hydroperoxides display teratogenic and proapoptotic properties. 35 It is conceivable that an enzymatic reaction (lipoxygenase/O 2 ) of the two side chains of compound 1 would produce hydroperoxide-containing fatty 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 acids which, in turn, by enzymatic breakdown (lyase) would produce polyunsaturated aldehydes (decatrienal and octadienal). 36, 37 The whole part of the molecule may also play an important role in the structure and activity relationship. This was previously found in glycoglycerolipid analogues which have gained importance in cancer chemoprevention due to their promising inhibitory effect on tumor growth. The fatty acyl chain length, 38 its position and the nature of the sugar moiety influences the activity. 39 Galactosylglycerols are reported to be more potent than the corresponding glucosylglycerols with the same structural features. However, the anomeric configuration does not seem to affect the activity. 40 The compounds described herein represent a potential platform for the development of new drugs with specific proapoptotic activity, and therefore, potential anticancer utility. This work describes the bioactivity of metabolites from the marine diatom
Phaeodactylum tricornutum using a cell-based screen that we developed to identify potential proapoptotic compounds. Phaeodactylum tricornutum was used as a model organism because of the advanced knowledge in genetic and genomic resources of this organism which provide an useful tool for future identification of biosynthetic key pathways for secondary metabolism. 41, 42 The vast majority of human solid tumors are of epithelial origin, and defects in apoptosis, mostly upstream of Bax and Bak, play important roles in both tumor suppression and mediation of chemotherapeutic responses. Consequently, efforts are increasingly focused on developing drugs that can re-activate the apoptotic pathway. The compounds identified here induce apoptosis upstream of Bax and Bak and may have a potential for use as anticancer agents that exploit the apoptosis pathway in tumor cells. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Experimental Section
General Experimental Procedures.
Optical rotations were measured on a JASCO P 1010 polarimeter. UV and FT-IR spectra were obtained employing Hewlett Packard 8452A and Nicolet 510 instruments, respectively. All NMR spectra were recorded on a Bruker Avance DRX300 spectrometer except for 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 occasional inoculation into peptone-enriched media to check for bacterial growth. 44 Diatoms cells were harvested by centrifugation for 15 min at 4,000g, and pellets were frozen instantly in liquid N 2 and stored at -80°C before further workup in the laboratory at the Marine Biotechnology Center, Institute of Marine and Coastal Sciences, Rutgers
University.
The material (40 g) was extracted three times with MeOH to give a polar crude organic extract (420 mg). A portion of this extract (15 mg) was tested for apoptosis induction. The crude organic extract was found active and subjected to fractionation using solid phase extraction cartridge (normal phase silica) to give four fractions F1 to F4 using hexane, CH 2 Cl 2 , EtOAc and MeOH as an increasingly hydrophilic solvent system series. The fraction eluting with EtOAc (F3) had apoptosis induction activity.
This fraction was further chromatographed on analytical RP HPLC (Phenomenex luna C18, 250 x 4.60 mm) using isocratic elution with 100% MeOH, flow rate 1 mL/min) to yield successively 5 mg of 2 (t R = 5.65 mn), and 10 mg of 1 (t R = 6.45 min).
Acid and Base Hydrolysis. Compound 1 (7.5 mg) was dissolved in MeOH (1.5 mL), and NaOMe (2.5 mg) was added; the reaction mixture were stirred at room temperature for 3 h. The reaction mixture was quenched with the acidic ion exchange resin Amberlite IRC-50 (Rohm and Hass, H + form), with the resin removed by filtration.
The filtrate was dried under reduced pressure and partitioned between CHCl 3 and H 2 0.
The organic layer was analyzed by GC-MS. The aqueous layer of compound 1 was purified and analyzed then treated with 2 N HCl (2.5 mL) and refluxed for 30 min. The reaction mixture was processed and the sugar fraction isolated on an activated carbon Page 14 of 21
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